We expected to discern one of two patterns when evaluating the significance 1 3 9 of interspecific competition in terms of the geographical co-occurrence of herbivore relatively stronger than resource competition, sharing of host plants would promote 1 4 5 species co-occurrence (Hypothesis 2 in Table 1 ). To distinguish between these two 1 4 6 patterns, we examined the correlations between host use similarity (i.e., the extent of Papilionidae, Pieridae, Lycaenidae, Nymphalidae, and Hesperiidae) (Shirôzu 2006 Butterfly census data are available on the website of the Biodiversity Center of Japan, Ministry of the Environment (http://www.biodic.go.jp/index_e.html). We used the 1 7 8 results of the fourth and fifth censuses (1988 to 1991 and 1997 to 1998 , respectively) of dimensions are about 10 km × 10 km, and this grid is described below as the "10-km 1 8 4
grid." Furthermore, the Biodiversity Center also contains records from grid cells of dimensions are about 1 km × 1 km, and this grid is described below as the "1-km grid." 1 8 7
As processes driving community assemblies may vary between spatial scales were considered host records. We used 2,939 records of targeted species in this study 2 0 0 ( takanonis, and Niphanda fusca). Finally, we excluded a further 18 species because the 2 1 7 models used to evaluate their ecological niches failed to satisfy the criteria that we File 1). and Roberts 1990) to evaluate the exclusivity of distributions between each species pair.
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We set r i and r j as the numbers of grids in which species i and j, respectively, were 2 2 6 present; the checker unit C ij associated with the two species was defined as:
where S ij indicates the extent of co-presence (i.e., the number of grid 2 2 8 cells shared by the two species). Thus, the checker unit became larger as the two species 2 2 9 occurred more commonly in different grid cells. We simulated null models to allow the 2 3 0 observed checker units to be compared with stochastic distributions. We used the of C std indicate that two species are allopatrically and sympatrically distributed,
respectively, to extents greater than indicated by the null models. We also attempted to 2 4 0 construct a more constrained null model by weighting each grid by its species richness 2 4 1 to consider the potential size of the butterfly community as well as the observed 2 4 2 frequency of each species. However, this weighted index was very highly correlated 2 4 3
with C std (r = 0.97, n = 300 randomly selected pairs); thus, we adopted Jonsson's 2 4 4 method in this study. All statistical analyses were performed with the aid of R software variables. Furthermore, potential distributional ranges may be obtained by projecting 2 5 1 model data onto geographical space. In the present study, potential distributional ranges (climate and altitude); we did not consider interspecific interactions among butterflies or 2 5 4 dispersal abilities in this context. Thus, comparisons of potential distribution patterns can be regarded as presence probabilities (Phillips and Dudík 2008). Finally, we then significantly and negatively correlated with the C std values at both geographical scales 3 0 0 ( Fig. 1, Table 2a ); all three explanatory variables exhibited significant negative 3 0 1
correlations with the C std values at both scales (Table 2a ). Host use similarity was niche similarity, but we found no significant correlation with total dispersal ability 3 0 4 (Table 2b ). The partial Mantel tests showed negative correlations between the C std coefficients from the results of Mantel tests were small, specifically less than 1% (Table   3 0 8 2c). In contrast, we found significant positive correlations when controlling for climatic 3 0 9
niche similarity and all three factors in the 10-km grid dataset, in which the correlation 3 1 0 coefficients between host use similarity and C std score largely changed in the positive 3 1 1 direction from the results of Mantel tests, but no significant correlation in the 1-km grid dataset (Table 2c) . When we excluded rare species from the analyses, most of the 3 1 3 results were consistent with the results of original datasets, except for the correlation 3 1 4
between the C std values and host use similarity under the control of climatic niche 3 1 5 similarity in the 10-km grid dataset, which was not significant (Tables S5 and 6 ). Significant negative correlations were clearly evident between the C std scores and host 3 1 9
use similarities at both grid scales ( Fig. 1, Table 2a ), indicating that a pair of Japanese
butterflies sharing host plants is more likely to co-occur (supporting Hypothesis 2).
3 2 1
Significant negative correlations between C std scores and host use similarities were 3 2 2 evident after controlling for each of the other potentially confounding factors, 3 2 3 taxonomic relatedness, and total dispersal ability (Table 2c ). The predicted pattern from 3 2 4
interspecific resource competition (i.e., positive correlations between the C std score and 3 2 5
host use similarity) were confirmed only after controlling for the effects of climatic niche similarity and all three factors in the 10-km grid data (supporting Hypothesis 6). However, the correlation coefficient was low (Table 2c) , and we could not confirm the 3 2 8
pattern in the analysis excluding rare species (Table S5c ). Note that we need to interpret 3 2 9
the results carefully, as interspecific resource competition is not the only process that 3 3 0 generates negative correlations between C std score and host use similarity (e.g., Rather, our results suggest that the geographic pattern of species co-occurrence among 3 3 5
Japanese butterflies is better explained by niche filtering. The most likely explanation of our data is that the relative strength of structuring via resource competition may be weaker than that associated with niche 3 3 8
filtering. As the geographical distributions of host plants would be expected to be overall total dispersal ability (Table 2a) , the negative correlations between the C std 3 4 5 scores and host use similarity were evident even when we controlled for the effects of 3 4 6 total dispersal ability (Table 2c ). This means that dispersal alone may not explain the competition may also be in play, although we did not address these topics in this study. detected in our study (see the correlation between C std and climate niche similarity in 3 6 3 Table 2a ). Therefore, the effects of historical co-occurrence on the patterns of current geographical co-occurrence may also occur, although we did not discuss the details here.
3 6 6
The negative correlation evident between taxonomic relatedness and the C std scores (Table 2a) suggests that niche filtering is in play among Japanese butterflies, 3 6 8
given that taxonomic relatedness serves as a proxy of niche similarity including host use.
6 9
Indeed, we found significant (positive) correlations between host use similarity and the 3 7 0 taxonomic relatedness of Japanese butterflies (Table 2b ), as has often been shown for significantly affect co-occurrence at the 10-km grid scale (Table S4 ). These results suggest that, at least at the 10-km grid scale, the effects of taxonomic relatedness largely pattern at the regional scale. In the present study, we used ENM to evaluate the effects of climatic niche 3 8 6 similarity on co-occurrence patterns. When we controlled for the effects of such niche 3 8 7 similarity, the negative correlations between the C std scores and host plant similarities 3 8 8 disappeared at both spatial scales (Table 2c ). This suggests that the explanatory power al. 2014). Moreover, we also only found a positive correlation when controlling for the 3 9 2 effects of climatic niche similarity in the 10-km grid data, which supports the possibility that the competitive exclusions of herbivorous insects do exist but usually 3 9 5 cannot be observed due to masking by climatic niche filtering and other effects ( Table   3  9  6 2c). It should be noted that, although ENM has been widely used to quantify climatic Some authors have argued that reproductive interference among butterflies sharing 4 1 2 similar niches is a more plausible mechanism causing resource or habitat niche 4 1 3 displacement than resource competition (Jones et al. 1998; Friberg et al. 2008 Friberg et al. , 2013 : habitat displacement by reproductive interference is more likely to work at the local scale (Friberg et al. 2013) , its effects may be difficult to observe at the regional or negative co-occurrence among host-sharing species was not detected.
2 1
We focused on butterfly species, which is one of the best-studied herbivore records of rare species had some bias in our analysis using huge datasets. We 
Variables Hypotheses Predictions
Host Resource competition is sufficiently intense to cause competitive exclusion (1).
Positive correlation between host use similarity and C std score (exclusiveness of distribution).
Host
Niche filtering through sharing host plants is relatively stronger than resource competition (2).
Negative correlation between host use similarity and C std score.
Host-Taxon
Taxonomic relatedness reinforces resource competition, increasing competitive exclusion (3-1).
Imprint of allopatric speciation reinforces exclusive distribution among close relatives, which share host plants because of niche conservatism (3-2)*.
Correlation between host use similarity and C std score would be changed in the negative direction when controlling for taxonomic relatedness.
Taxonomic relatedness, which indicates a niche filter due to niche conservatism including host use, acts counteracting competitive exclusion (4).
Correlation between host use similarity and C std score would be changed in the positive direction when controlling for taxonomic relatedness.
Host-Climate
Filtering through climate niche reinforces resource competition, increasing competitive exclusion (5).
Correlation between host use similarity and C std score would be changed in the negative direction when controlling for climate niche similarity.
The bracketed number following each hypothesis only indicates the number of each hypothesis for descriptive purposes.
*Hypothesis 3-2 has a slightly different perspective from the others, because it is mainly based on the background of speciation history.
Filtering through climate niche acts counteracting competitive exclusion or jointly with the host plant niche filter (6).
Correlation between host use similarity and C std score would be change in the positive direction when controlling for climate niche similarity.
Host-Dispersal
Higher dispersal ability promotes distribution overlapping, thereby counteracting local assembling processes such as competitive exclusion (7).
Correlation between host use similarity and C std score would change in the negative direction when controlling for total dispersal ability.
Higher dispersal ability promotes distribution overlapping, thereby niche filtering through sharing host plants (8).
Correlation between host use similarity and C std score would change in the positive direction when controlling for total dispersal ability. 
